Targeted therapeutics, such as those abrogating hypoxia inducible factor (HIF)/vascular endothelial growth factor signaling, are initially effective against kidney cancer (or renal cell carcinoma, RCC); however, drug resistance frequently occurs via subsequent activation of alternative pathways. Through genome-scale integrated analysis of the HIF-α network, we identified the major protein kinase C substrate MARCKS (myristoylated alanine-rich C kinase substrate) as a potential target molecule for kidney cancer. In a screen of nephrectomy samples from 56 patients with RCC, we found that MARCKS expression and its phosphorylation are increased and positively correlate with tumor grade. Genetic and pharmacologic suppression of MARCKS in high-grade RCC cell lines in vitro led to a decrease in cell proliferation and migration. We further demonstrated that higher MARCKS expression promotes growth and angiogenesis in vivo in an RCC xenograft tumor. MARCKS acted upstream of the AKT/mTOR pathway, activating HIF-target genes, notably vascular endothelial growth factor-A. Following knockdown of MARCKS in RCC cells, the IC50 of the multikinase inhibitor regorafenib was reduced. Surprisingly, attenuation of MARCKS using the MPS (MARCKS phosphorylation site domain) peptide synergistically interacted with regorafenib treatment and decreased survival of kidney cancer cells through inactivation of AKT and mTOR. Our data suggest a major contribution of MARCKS to kidney cancer growth and provide an alternative therapeutic strategy of improving the efficacy of multikinase inhibitors.
INTRODUCTION
Renal cell carcinoma (RCC), the most common kidney malignancy and the sixth most common cancer in the United States, is one of the most vascular of the solid tumors. Genome-wide studies of RCC have uncovered frequent mutations, deletions or promoter CpG island methylation of the von Hippel-Lindau tumor suppressor (VHL) as a probable driver of this phenotype. 1, 2 Under normoxic conditions, the VHL protein contributes to the degradation of the α-subunit of hypoxia-induced factors (HIFs). Because of the inactivation of the VHL gene, which is common in clear-cell RCC, the HIF-α proteins accumulate and induce expression of their target genes, such as vascular endothelial growth factor (VEGF) and others, 3, 4 which are involved in angiogenesis; therefore, antiangiogenic therapies have played a pivotal role in RCC treatment. 5 For metastatic RCC in particular, the two standard targets are the VEGF receptor and mammalian target of rapamycin (mTOR), a downstream component in the phosphoinositide 3-kinase (PI3K)/ AKT pathway known to upregulate HIF-1α activity. 6 Unfortunately, tumors frequently develop resistance to these targeted therapies by activating bypass pathways in response to VEGF 7, 8 or mTOR inhibition. 9 Several new tyrosine kinase inhibitors have recently been developed for metastatic RCC and have demonstrated a marked clinical improvement over first-generation tyrosine kinase inhibitors by increasing drug specificity. [10] [11] [12] Among these, the multikinase inhibitor regorafenib shows antitumor activity via blocking several key kinase pathways associated with tumor angiogenesis (VEGF receptors) and oncogenesis (the mitogen-activated protein kinase pathway); 13 however, the PI3K/AKT pathway, activated in up to 50% of RCC cases, 1, 10 is not a major target of this drug.
14 Importantly, toxicity is in fact an issue as was demonstrated in a Phase II trial of 49 patients with metastatic or unresectable RCC, in which 98% experienced drug-related adverse events and 35% experienced drug-related serious adverse effects. 15 Likewise, Phase III trials demonstrated consequential adverse effects and low-objective response rate, which was no better than that of current first-line treatments. 16 For these reasons, there is an urgent need to develop novel approaches for improving the efficacy of targeted therapies in RCC.
Using a genome-wide integrated network analysis of the genes that interact with HIF-1α, we identified the phosphatidylinositol 4,5-bisphosphate (PIP2)-binding protein MARCKS, a substrate of protein kinase C. MARCKS, especially its phosphorylated form, serves as a key regulatory protein controlling cell migration and signaling. 17 Emerging evidence has suggested that MARCKS is capable of specifically promoting cancer migration and metastasis but its function in tumor growth has not been worked out. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] MARCKS has also been implicated in lung, breast and pancreatic cancer progression. 22, 23, [26] [27] [28] [29] [30] [31] Intriguingly, MARCKS has been reported to be prometastatic, 18, 19, 24 but also a tumor suppressor 20, 21, 32 in glioma, melanoma and colon cancer. Despite these findings in various neoplastic diseases, there has been no information regarding the role of MARCKS in kidney cancer.
In this study, we reveal the therapeutic potential of MARCKS in RCC and determine its molecular contributions to pro-angiogenic signaling elements. Our results not only present a novel molecular mechanism underlying RCC progression but also provide a promising strategy for targeted therapies.
RESULTS
MARCKS expression in kidney cancer and correlation with tumor grade Using genome-scale integrated analysis, 33 we identified a total of 21 genes in human ccRCC samples of multiple grades with a cutoff point of 0.5 occurring in a HIF1A gene network. Because more than a third of all known biomarkers, as well as more than two-thirds of potential disease targets, are membrane-related proteins, 34 we focused on the critical PIP2-binding partner 17 Figure S1a) . To investigate the role of MARCKS in kidney cancer, we analyzed MARCKS gene expression between clear-cell RCC tissues (n = 72) and matched normal kidney tissues (n = 72) in data set GSE53757. 35 Through the use of the WilcoxonMann-Whitney test, we found that MARCKS mRNA levels were significantly higher in RCC tissues than in adjacent normal tissue sections ( Figure 1a , W = 4975, P-value o0.01). This observation was also seen in another cohort of 534 RCC patients from the TCGA data sets (Supplementary Figure S1b) . To validate that MARCKS is dysregulated in tumor tissues, we examined the expression pattern of MARCKS in several RCC and adjacent normal tissue samples by immunohistochemistry, which confirmed an increase of MARCKS protein expression in RCC tissues (T) as compared with adjacent normal (N) (Figure 1b) .
MARCKS (Supplementary
We next evaluated MARCKS expression and its phosphorylation (phospho-MARCKS) in RCC specimens from a cohort of 56 patients grouped into low-and high-expression categories (see 'Materials and Methods'; clinical characteristics are summarized in Supplementary Table S1 ). More intense MARCKS staining was observed in higher as compared with lower-grade RCC ( Figure 1c ) and there was a positive correlation between tumor grade and MARCKS expression (Figure 1d and Supplementary Table S1 ; P = 0.042). In addition, abundant phospho-MARCKS staining was seen in RCC samples ( Figure 1e ) and was greater in RCC patients with grade 2 (G2) and 3 (G3) compared with patients with grade 1 (G1) (Figure 1f ). Positive-nuclear staining for phospho-MARCKS was also detected in tumor specimens, whereas there was no significant association of nuclear localization of phospho-MARCKS with increasing grade (Supplementary Table S2 ). Thus, MARCKS protein is likely of more importance in patients with highergrade RCC.
MARCKS contributes to cell proliferation in RCC On the basis of the increased levels of both MARCKS and phospho-MARCKS in the RCC specimens examined, we next assessed phospho-MARCKS and total MARCKS abundance in primary normal human kidney epithelial cells (NHK) and in several commercially available RCC cell lines. Using quantitative real-time RT-PCR and immunoblotting, we observed higher MARCKS and phospho-MARCKS expression in all tested RCC cell lines as compared with NHK cells (Figure 2a) , thus validating these cells, previously shown to represent high grade, 36 for further study. Given that a hallmark of cancer, including RCC, is the continual unregulated proliferation of cells, 37 we asked whether an increase in both phospho-MARCKS and total MARCKS promote kidney cancer cell proliferation. Using RCC cells which showed abundant MARCKS expression, we used a MARCKS-specific short hairpin RNA (MARCKS shRNA) to eliminate both phospho-MARCKS and MARCKS expression and showed reduction of proliferation in four RCC cell lines, including highly invasive Caki-1 and ACHN cells derived from metastases (Figure 2b) . Overexpression of V5-tagged wild-type MARCKS in MARCKS-knockdown cells augmented phospho-MARCKS level and cell proliferation ability of RCC cells, but these alterations were dramatically attenuated in cells transfected with the phosphorylation defective S159/163A-MARCKS (Figure 2c ). This phenomenon was recapitulated in low MARCKS-expressing NHK cells (Supplementary Figure S2a) . Similarly, clonogenic ability was impaired in MARCKS-silenced cells (Figure 2d and Supplementary Figure S2b) . Interestingly, we noticed a decrease in the number of cell spreading and migration in Caki-1 cells after knockdown of MARCKS, as compared with parental or control shRNA-transduced cells (Supplementary Figure S2c) .
We previously identified a novel peptide, the MPS peptide, which targets the phosphorylation site domain (PSD) of MARCKS and inhibits MARCKS-mediated functions in lung cancer. Since angiogenesis is an important factor for RCC progression and a target of current therapies, 38 we hypothesized that tumor growth mediated by MARCKS shRNA occurs through inhibition of the growth of the tumor microvasculature. We found that the MARCKS-knockdown xenograft tumors did in fact have the lowest microvessel density by staining with the endothelial marker CD31 as compared with the control shRNA group (Figure 3e ) suggesting the importance of MARCKS expression in neoangiogenesis. Consistent with the in vitro proliferation data (Figure 2 ), we found a decrease in proliferating cell nuclear antigen, a marker of proliferation, in MARCKS-silenced cells (Supplementary Figure S3a) ; however, activated caspase-3, a hallmark of apoptosis, remained unchanged in MARCKS-knockdown group.
MARCKS upregulates VEGFA levels and the AKT/mTOR pathway VEGF, an important target of HIF, is a major mediator of angiogenesis in many cancers including RCC. 4, 39 To determine whether this growth factor is involved in MARCKS signaling, we evaluated VEGFA-stained cells in the xenograft tumors and found parallel reduction of VEGFA and MARCKS expression in tumors derived from MARCKS-silenced 786-O cells (Figure 4a ). To validate this finding in human RCC, samples from the GSE53757 data set (n = 144) were grouped into high-and low-MARCKS expression using the median as a cutoff and subjected to Wilcoxon-MannWhitney test on the VEGFA expression levels of the two groups; these data showed a significantly higher level of VEGFA in the high-MARCKS subset (Figure 4b ; W = 4902, P-value o 0.01). The AKT/mTOR pathway, which functions in RCC cell growth and is a target for therapy in the clinic, 12, 38, 41 acts upstream of HIF to modulate VEGFA expression. In light of the fact that MARCKS is associated with the PI3K/AKT pathway, 23, 27, 42 we next asked whether MARCKS activates AKT/mTOR signaling to augment VEGFA expression and cell proliferation. We first tested the effect of MARCKS protein on PIP2 binding and PIP3 synthesis, which are the two major determinants for AKT activation. 42 A kinetic assay confirmed that the peptide mimicking the MARCKS PSD binds PIP2 with a dissociation constant of 17.64 nM (Supplementary Figure S4e) . As expected, a decrease of PIP3 pools in whole-cell lysates of MARCKS-silenced RCC cells was observed (Supplementary Figure S4f) , in agreement with previous reports that MARCKS expression directly regulates both PIP2 availability 43 and PIP3 production. 23, 42 Next, RCC cells transduced with MARCKS shRNA showed decreased levels of phospho-AKT both at Ser473 MARCKS reduces antitumor activity of the angiogenic and oncogenic multikinase inhibitor In view of the low-objective response rate, high rate of resistance and adverse effects of the current RCC therapeutic regorafenib, 15, 16 there is an urgent clinical need to improve the efficacy of such treatment in RCC. Given the functional role of MARCKS in VEGF production and the AKT/mTOR pathway, we hypothesized that MARCKS might be involved in the antitumor activity of regorafenib. To test this possibility, we transduced various RCC cell lines with either control shRNA or MARCKS shRNA and then exposed the cells to increasing concentrations of regorafenib for 72 h. In these experiments, cell viability was significantly reduced by MARCKS shRNA, compared with that in cells receiving control shRNA, at all higher doses of regorafenib in all cell lines tested (Figures 5a-d) . The IC50 (half maximal inhibitory concentration) of regorafenib was deceased from 1410 to 875 nM in Caki-1 (Figure 5a) , from 1423 to 937 nM in ACHN (Figure 5b) , from 1153 to 571 nM in 786-O (Figure 5c ) and from 1428 to 1062 nM in A498 cells (Figure 5d ). To confirm this data, we demonstrated an increase in floating/dead cells in the cells with low-MARCKS expression (MARCKS shRNA) upon 48 h of regorafenib incubation (500 nM) (Figures 5e and g ), and trypan blue exclusion supported the finding that MARCKS-knockdown cells were more sensitive to regorafenib (Figures 5f and h) . Altogether, these data suggest that MARCKS expression is inversely associated with the efficacy of regorafenib in RCC cells. Cells were infected with control (non-specific) or MARCKS-specific shRNAcontaining lentivirus. These cells were subjected to the indicated doses of regorafenib. After 72 h of treatment, cell viability was determined by MTT assays. Data shown as mean ± s.d.; *Po 0.05 versus control shRNA (n = 3). Panel (e-h): Caki-1 (e, f) and 786-O (g, h) cells with transduction of control or MARCKS-specific shRNA were treated with 0.5 μM regorafenib. After 48 h, cell morphology (e, g, top) and transduction efficiency (e, g, bottom) was photographed; cell viability was determined by trypan blue exclusion assay (f, h, n = 3). Cell viability was calculated by the number of viable cells/the number of total cells x 100. regorafenib, the MPS peptide or the combination of regorafenib and MPS peptide, with the greatest inhibition of viability observed in the combination group. Furthermore, we used the Chou and Talalay CI (combination index) method 44 to evaluate the therapeutic interactions between regorafenib and MPS peptide. The CI value was 0.95 in Caki-1, 0.65 in ACHN, 0.54 in 786-O and 0.64 in A498 cells when the effective dose (ED) of both drugs inhibited the cell viability to 50% (Figure 6e ). The addition of MPS substantially enhanced the viability suppression of regorafenib with CI value ranging from 0.54 to 0.95 (CI o 1), indicating the synergistic effects of drug combination. Of note, the values were lower than 1 at ED50, approximately 1 at ED75 and above 1 at ED90 (data not shown). Thus, the combination effect was dosedependently correlated with the components, and therefore lowdose regorafenib in combination with low dose of MPS represents a synergistic effect on cell proliferation. Simultaneously, data from trypan blue exclusion test indicated that cell survival was significantly lower with the combination treatment as compared with control, MPS and regorafenib (Figure 6f and Supplementary  Figure S5a-b) . These data convincingly demonstrate that MARCKS inhibition enhances regorafenib sensitivity in kidney cancer cells and represents a viable and novel option for RCC patients.
DISCUSSION
There is increasing evidence that the membrane-associated protein MARCKS contributes to cancer cell motility and metastasis by regulation of the cytoskeleton. 18, 19, [22] [23] [24] 27 Recent studies have indicated that an important function of MARCKS is to provide PI3K with PIP2 pools and thereby activate AKT. 23, 27, 42 Although the contribution of MARCKS has already been characterized in a handful of solid tumors, most notably carcinomas of the lung, 23,27-29 a role has yet to be demonstrated in kidney cancer. In this study, we confirm an oncogenic role of MARCKS in RCC, and we provide the first demonstration of the role of MARCKS in angiogenesis.
We now show that the MARCKS protein, and manipulation thereof, has potential clinical relevance to RCC. Increases of both MARCKS mRNA and its protein levels were noted in human RCC tumor specimens as compared with adjacent control tissue, and MARCKS expression, both on a transcriptional and translational level, positively correlated with tumor grade, indicating a potential role in tumor progression. These correlations support our proposed mechanism of MARCKS-mediated pathogenesis as well as the possibility of MARCKS as a therapeutic target in RCC, a disease in which the PI3K/AKT pathway is often deregulated and highly activated. 1, 10, 41 To confirm these findings, we also showed that suppression of MARCKS expression inhibited proliferation, colony formation, cell spreading and AKT/mTOR activation in vitro, as well as slowed tumor growth and vasculature in vivo, providing evidence for a tumor-supporting role for MARCKS. On the basis of the expression of proliferation and apoptosis markers (proliferating cell nuclear antigen and activated caspase-3, respectively) in RCC after MARCKS silencing, it seems likely that MARCKS supports tumor growth by increasing proliferation rather than by inactivating apoptosis.
One hallmark of RCC is its high vascular density, often due to upregulated expression of pro-angiogenic targets of the HIF transcription factor. Because of RCC's high vascularity, antiangiogenic therapy has been shown to be clinically effective in treating the disease. 5, 38 However, this therapeutic strategy is rarely curative, as RCC usually develops resistance to the tyrosine kinase inhibitors. 7, 8, 11, 45 Broader inhibition of the angiogenic pathways, as was investigated in this study, might therefore result in a more durable clinical response. Two possible methods of achieving such a response include (i) the use of an inhibitor that affects multiple signaling cascades simultaneously or (ii) targeting a common upstream element of these pathways; in the case of RCC, many of these pathways share the transcriptional activator, HIF-α. Over half of sporadic clear-cell RCCs lack a functional copy of VHL, such that once HIF-1α is synthesized, protein levels will remain abnormally elevated. 4, 46, 47 Although there are a limited number of investigational drugs that target HIF-α, mTOR, an upstream regulator of HIF-1α, is the target of numerous pharmaceutical inhibitors. 6, 12, 38 The PI3K/AKT/mTOR axis, which drives HIF-1α translation in the majority of human cancer cell lines, 48 is therefore an attractive target in RCC.
Despite their widespread clinical use, mTOR inhibition suffers drawbacks similar to VEGF-targeted therapy: RCC cells may activate mTOR-independent pathways in response to loss of mTOR signaling, often through the PI3K/AKT pathway. 9, 41, 48 Furthermore, this pathway is involved in not only the translation of HIF-1α but in the protection of HIF-1α from degradation by VHL protein-independent pathways. 49 Because PI3K and AKT control numerous downstream elements besides mTOR, it has been suggested that targeting signaling pathways upstream of mTOR in the PI3K/AKT pathway may be more effective than targeting mTOR itself. 10 In light of our results showing its importance in the activation AKT and mTOR, as well as angiogenic pathways, MARCKS is a promising target for mitigating RCC progression and resistance.
We found that MARCKS inhibition resulted in a decrease in the expression of pro-angiogenic genes including VEGF. Although we did not test a wide range of HIF-1α transcriptional targets, we did show that two angiogenic factors that act along independent pathways, VEGF and MMP9, are both downregulated after MARCKS-knockdown. Of note, RCC cells displayed a reduction in the expression and secretion of VEGF upon genetic or pharmacologic inhibition of MARCKS. Gene expression analysis of patient-derived samples also revealed a correlation between MARCKS expression and VEGF expression, further supporting the clinical relevance of MARCKS as a druggable target for kidney cancer. In addition, we demonstrated in vivo the role of MARCKS in angiogenesis by showing that silencing MARCKS is able to reduce tumor microvascular density, the expression of the endothelial cell marker CD31 and VEGF.
In addition to anti-angiogenic activity via the targeting of endothelial cells, a member of the second generation of targeted therapies for RCC, regorafenib, has been shown to exhibit antiproliferative activity via inhibition of the mitogen-activated protein kinase pathway in cancer cells; 13 however, regorafenib does not address one of the resistance mechanisms of mTOR inhibition in which the PI3K/AKT pathway activates mTORindependent downstream effectors and thereby supports continued tumor growth. 9 Under treatment with this multikinase inhibitor, PI3K/AKT signaling is still active.
14 Moreover, adverse effects and a low-objective response rate are common with regorafenib treatment. 15, 16 It seems reasonable, then, that targeting an element of PI3K/AKT signaling that could be therapeutically targeted in tandem with regorafenib administration circumvents the shortcomings of regorafenib monotherapy. Since MARCKS was shown to upregulate the AKT activity and VEGF expression, we hypothesized that combining regorafenib treatment with inhibition of MARCKS may address both of these issues: we reasoned that by reducing the secretion of VEGF ligand from cancer cells as well as by attenuating pro-survival AKT signaling in cancer cells, we could reduce the dosage of regorafenib (which inhibits the VEGF receptor) needed to produce a comparable response in a monotherapeutic regime. Combination therapy with regorafenib and inhibition of the PI3K/AKT pathway has been shown in one preclinical trial to have a synergistic effect in killing tumor cells, 14 in accordance with the results of our studies. Specifically, we have demonstrated that MARCKS inhibition increases sensitivity to regorafenib and reduces the IC 50 of this drug, suggesting that when combined with MARCKS inhibition, lower dosages of regorafenib can be administered to achieve the same effects, reducing exposure to toxicity. Although our knockdown and pharmacologic experiments have had promising results, it should be noted that combination therapy with regorafenib has had limited success in the clinic, with toxicity being the primary obstacle. 50 Future studies on targeting MARCKS in combination therapy must no doubt prioritize investigating the mechanisms underlying the on-and off-target action of pharmacological inhibition of MARCKS to minimize this problem.
On the basis of the current evidence, the agent we used to inhibit MARCKS in this study, a novel peptide MPS, has an inhibitory effect on AKT activity, 23 making it an attractive candidate for further study in combination therapy regimes. Previously, we demonstrated that MPS attenuates lung cancer growth and metastasis. 23 Here we revealed that MPS reduces cancer cell proliferation and also improves the efficacy of multikinase inhibitors. To the best of our knowledge, this is the first study on the efficacy of MPS as an antitumor agent in RCC, and our results present MARCKS as a druggable target in this disease. MPS targets the phosphorylation site domain (PSD; effector domain) of MARCKS, the site where phosphorylation occurs, causing MARCKS to disassociate from the membrane and to release PIP2 pools. Indeed, several studies have shown a functional role of the MARCKS PSD in PIP2 sequestration and accumulation though its binding to PIP2 molecules. 43, 51, 52 Therefore, there is a possibility that MARCKS in its unphosphorylated state (membrane-bound) reduces the availability of PIP2 to other molecules such as PI3K, 42 thereby inactivating the PI3K/AKT pathway, as MPS did. A study on the role of MARCKS as a tumor suppressor in glioma is consistent with this proposition. 20 In contrast, following phosphorylation at the PSD, phosphorylated MARCKS promotes the activation of AKT due to releasing PIP2 pools. 28, 42 Such a dual contribution of MARCKS may explain why an upregulation of MARCKS would not necessarily contribute to tumorigenesis, 20, 32 whereas an increase in MARCKS phosphorylation would. 22, 23, 26 By reducing MARCKS phosphorylation and trapping PIP2 pools at the membrane, MPS effectively inactivates the PI3K/AKT pathway. 23, 42 Although treatment with MPS peptide provides a proof-of-concept that targeting MARCKS controls RCC cell growth and regorafenib efficacy, the off-target effects of this peptide in kidney cancer in vivo is an important line of investigation for future studies.
In summary, our findings here show a novel function of MARCKS, acting in RCC through activation of pro-angiogenic regulators such as VEGF and its upstream targets. We also show that inhibition of MARCKS using two separate approaches results in abrogation of angiogenic as well as proliferative properties of RCC both in vitro and in vivo. Thus, the use of anti-angiogenic therapy such as regorafenib along with MARCKS inhibition could increase the efficacy of regorafenib treatment in RCC, thereby increasing efficacy and attenuating the adverse effects associated with this therapeutic approach.
MATERIALS AND METHODS Materials
All reagents, primers and antibodies used in this study are described in the Supplementary Methods.
Cell culture and lentiviral short hairpin RNA-mediated knockdown
The kidney cancer cell lines, Caki-1 (VHL-positive), ACHN (VHL-positive), 786-O (VHL-negative) and A498 (VHL-negative) cells, were purchased from the American Type Culture Collection (Manassas, VA, USA). Normal human primary kidney tubular epithelial (NHK) cells were purchased from Lonza (Allendale, NJ, USA). The cancer cell lines were cultured in RPMI1640 medium with 10% fetal bovine serum and 1% penicillin-streptomycin at 37°C in a humidified atmosphere of 5% CO 2 . NHK cells were grown in Dulbecco's Modified Eagle's medium with 10% fetal bovine serum and 1% penicillin-streptomycin. For lentivirus-based short hairpin RNA-mediated knockdown, viruses were produced by co-transfection of HEK293T cells with the appropriate MARCKS shRNA-containing lentiviral vector and a packing DNA mix, using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The host cells were transduced with lentiviral constructs at three different multiplicities of infection in polybrene (8 μg/ml)-containing medium. Twenty-four hours after infection, the cells were treated with puromycin (2 μg/ml) and puromycin-resistant clones were selected and pooled.
Patient tumor specimens and immunohistochemical staining Kidney tumors (from 56 patients) were obtained from patients with histologically confirmed RCC who underwent surgical resection at the UC Davis Comprehensive Cancer Center (Sacramento, CA, USA) after approval by the Institutional Review Board of the UC Davis Health System. Written informed consent was obtained from all patients. Formalin-fixed and paraffin-embedded specimens were used, and immunohistochemical staining was performed for MARCKS expression as well as phospho-MARCKS levels as described previously. 23, 27, 28 Detailed information on staining and scoring are found in the Supplementary Methods.
Xenograft models of kidney cancer
Six-week-old male nude mice (supplied by The Jackson Laboratory, Sacramento, CA, USA) were housed and fed autoclaved food ad libitum. Detailed information on subcutaneous implantation of tumors will be found in the Supplementary Methods.
Measurement of VEGF-A secretion
The cells were plated at 1 × 10 5 cells/well in 12-well plates in RPMI1640 containing 10% FBS overnight, and then washed with serum-free medium and cultured for additional 24 h in 0.5 ml of the serum-free medium. The supernatant was collected and centrifuged to remove cell debris. The secreted VEGF-A was quantified by ELISA using the human VEGF-A immunoassay kit according to the manufacturer's protocols (Thermo Fisher Scientific, Carlsbad, CA, USA). VEGF-A levels were normalized to the final cell numbers determined using a hemocytometer.
Additional methods
Detailed methods on real-time reverse transcription polymerase chain reaction (RT-qPCR), immunoblotting, cell viability, migration, proliferation and colony formation assays, kinetic assay, PI(3,4,5)P3 quantitation and evaluation of therapeutic interactions are described in the Supplementary Methods.
Statistical analysis
Data are presented as the mean ± s.d. of at least three independent experiments. The quantitative in vitro and in vivo data were analyzed using the Student's t-test. The difference in patient characteristics between the high-expression and the low-expression groups was analyzed using Fisher's exact test. Both MARCKS and VEGF mRNA expressions in samples from data set GSE53757 and the TCGA data set were examined using Wilcoxon-Mann-Whitney test. All analyses were performed using SPSS software (v20.0; SPSS, Inc., Chicago, IL, USA). All statistical tests were twosided, and P-values o 0.05 were considered statistically significant.
